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It is known that more than 50 species use the Earth’s magnetic field for orientation and naviga-
tion. Intensive studies particularly behavior experiments with birds, provide support for a chemical
compass based on magnetically sensitive free radical reactions as a source of this sense. However,
the fundamental question of how quantum coherence plays an essential role in such a chemical com-
pass model of avian magnetoreception yet remains controversial. Here, we show that the essence of
the chemical compass model can be understood in analogy to a quantum interferometer exploiting
global quantum coherence rather than any subsystem coherence. Within the framework of quantum
metrology, we quantify global quantum coherence and correlate it with the function of chemical
magnetoreception. Our results allow us to understand and predict how various factors can affect
the performance of a chemical compass from the unique perspective of quantum coherence assisted
metrology. This represents a crucial step to affirm a direct connection between quantum coherence
and the function of a chemical compass.
Introduction.— Despite the growing interest from
chemists, biologists and more recently researchers from
quantum physics and quantum information, there re-
main to date only a handful of biological phenomena
that are suspected or proven to rely on quantum effects.
These include important biological processes such as light
harvesting [1–6], human sense of smell [7–9], and avian
magnetoreception [10–26]. The effects of weak magnetic
field in nature have been observed for a long time [27],
ranging from the growth of plants to the remarkable
orientation and navigation abilities of animals such as
birds and insects. The radical pair mechanism based
on anisotropic hyperfine interactions, as a leading the-
ory to explain avian magnetoreception [28], suggests that
the avian compass relies on magnetically sensitive radical
pairs formed by photoinduced electron transfer reactions
[10–15]. The cryptochromes in the retina of migratory
birds provides a potential physiological implementation
of such a mechanism [11, 29–38]. The observations from
the behavior experiments [39–41] with birds provide cor-
roborating evidence for the idea that the chemical com-
pass mechanism is involved in avian magnetoreception.
In the last few years, the interest in avian magnetore-
ception has quickly extended from chemists and biolo-
gists to quantum physicists [17–25]. In the chemical com-
pass model, a radical pair is born in spin singlet or triple
states [10, 11, 42]. The subsequent dynamics is composed
of a quantum coherent interaction with nearby nuclei and
the external magnetic field. The former is usually con-
sidered as a noise process that suppresses quantum co-
herence. In previous consideration emphasis was placed
on the electronic coherence properties and it remained
unclear how this coherence was directly exploited in the
function of a chemical compass [20, 21, 23–25]. For ex-
ample, a chemical compass can still show good sensitiv-
ity even though it exhibits negligible electronic coherence
[20, 25]. It is not clear how to establish a quantitative
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FIG. 1: Quantum interferometer model of a chemical com-
pass. (a) A quantum system is prepared (BS1) in a coher-
ent superposition of two quantum states |α〉 and |β〉, which
gains different dynamical phases dependent on an unknown
physical parameter, the information of which is revealed by
the measurement after the interference (BS2). (b) A chemi-
cal compass is viewed as a quantum interferometer, the hy-
perfine coupling Hamiltonian H0 recasts the state ρ0 of the
combined system of radical pair and nuclei into a superposi-
tion of its eigenstates. The magnetic field induces the change
in coherence phases arising from the dynamic phases of in-
dividual eigenstate evolution. The spin-dependent chemical
reaction channels lead to the interferometric observable which
provides the information about the direction of the magnetic
field.
relation between coherence and compass sensitivity.
In the present work,we address these fundamental
questions and reveal the role of quantum coherence
in chemical magnetoreception by appreciating that the
quantum dynamics of a chemical compass giving rise to
the magnetic sensitivity is akin to a quantum interferom-
eter in quantum metrology [43–45]. Such a perspective
allows us to establish a quantitative connection between
compass sensitivity and the global coherence with respect
to the eigenbasis of the hyperfine Hamiltonian of the com-
bined system of radical pair electrons and the surround-
ing nuclei. We verify that the concept of global coherence
is indeed essential for the function of a chemical compass
by introducing an appropriate quantification of coher-
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2ence which has an operational meaning in the context
of chemical compass. The results are shown to be valid
for general radical pair molecules, and we further explic-
itly demonstrate the idea for the radical pair inspired by
the flavin adenine dinucleotide (FADH·) formed photo-
chemically in cryptochromes (which is a very probable
candidate for avian magnetoreception [11, 31, 35–37]) in
more detail.
Quantum interferometer model of chemical compass.—
In quantum metrology, a system, e.g., a photon or a spin,
is initially prepared into the following state
ρ0 = |Ψ0〉〈Ψ0|, with |Ψ0〉 = γα|α〉+ γβ |β〉, (1)
which is written in the basis of {|α〉, |β〉} (determined by
the interferometric element BS1, see Fig.1). A Hamilto-
nian H(λ) = λ2 (|α〉〈α| − |β〉〈β|) parametrized by a sin-
gle unknown parameter λ results in an evolution that
changes the relative phase between the two states |α〉
and |β〉 to Φλ = ϕα − ϕβ , see Fig.1(a), and leads to the
state
ρ0 → ρΦλ =
( |γα|2 γαγ∗βeiΦλ
γ∗αγβe
−iΦλ |γβ |2
)
. (2)
The measurement of the observableM = |Ψ0〉〈Ψ0|, gives
the interference (see BS2 in Fig.1) outcome as
mλ(ρ0,Φλ) ≡ Tr (ρΦλM) = 1− 2|γα|2|γβ |2 (1− cos Φλ) .
(3)
The precision of parameter estimation with such a basic
quantum interferometer is determined by the contrast of
the interference fringe as follows
D~γ(ρ0) ≡ 2|γα|2|γβ |2
[
max
Φλ
cos Φλ −min
Φλ
cos Φλ
]
. (4)
The role of coherence in such a simple interferometric
setup can be quantified by
C ≡ |mλ(ρc0,Φλ)|Φλ=0 = 2|γα|2|γβ |2, (5)
with
ρc0 =
(
0 γαγ
∗
β
γ∗αγβ 0
)
, (6)
which characterizes how coherent the quantum interfer-
ometer is. By comparing Eq.(4) and (5), it is clearly
seen that how coherence plays its role and determines
the precision of parameter estimation in quantum inter-
ferometric metrology.
In the standard model of the chemical compass, the
magnetically sensitive radical pairs formed by photoin-
duced intramolecular electron transfer reactions interact
with a few nearby nuclei via hyperfine couplings, as de-
scribed by the following Hamiltonian
H0 =
∑
k=D,A
∑
j
~sk · Tˆkj ·~Ikj (7)
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FIG. 2: Effective evolution of a radical pair (in which one rad-
ical contains three 1H nuclei and two 14N nuclei as FADH·).
(a) The change of the absolute values of the (coherent) density
elements 〈(t)〉 averaging over time, with (t) = [∑m 6=n(rtmn−
rmn)
2]1/2, see Eq.(8-9), for different magnetic field directions
(θ, ϕ). (b) The singlet yield Ys as a function of the mag-
netic field direction (θ, ϕ) including (lower) vs. excluding
(upper) the coherence phase changes ϕBˆmn(t) resulting from
the Earth’s magnetic field, see Eq.(9). The reaction rates are
kS = kT = 0.5µs
−1, the Earth’s magnetic field is b = 50µT .
where ~Ikj and ~sk are the nuclear and electron spin
operators respectively, Tˆkj denotes the hyperfine cou-
pling tensors [42]. For simplicity, we neglect the dipole-
dipole and exchange interactions between two radicals,
which is valid when the radical-radical distance is suffi-
ciently large or they cancel with each other [46]. The
joint state ρ0 of the radical pair and nuclear spins,
written in the eigenbasis {|νm〉} of the hyperfine in-
teraction Hamiltonian H0, can be expressed as ρ0 =∑
m,n rmn|νm〉〈νn|, with rmn = 〈νm|ρ0|νn〉. In the
absence of a magnetic field, the state evolution solely un-
der the hyperfine interaction Hamiltonian H0 is
ρH0(t) =
∑
m,n
rmne
−iϕ0mn(t)|νm〉〈νn|. (8)
For a typical radical pair molecule with a few nuclei,
the leading order effect of the Earth’s magnetic field
Bˆ = −gµb~b · (~sD +~sA) (with |~b| = 50µT, which is much
smaller than the hyperfine interaction strength) is to in-
troduce an additional magnetic field dependent phase on
the system coherence according to the perturbation the-
ory, namely
ρH0+Bˆ(θ,ϕ)(t) ≈
∑
m,n
rtmne
−i
[
ϕ0mn(t)+ϕ
Bˆ
mn(t)
]
|νm〉〈νn|, (9)
where ρH0+Bˆ(θ,ϕ)(t) represents the exact state evolution
under the total Hamiltonian including both the hyper-
fine coupling and the Earth’s magnetic field. The ef-
fect of the Earth’s magnetic field might also change the
absolute values of the coherent off-diagonal density ma-
trix elements rmn (m 6= n), which can be quantified by
(t) = [
∑
m 6=n(r
t
mn − rmn)2]1/2. In Fig.2(a), we plot
 averaging over time for the radical pair inspired by
the flavin adenine dinucleotide formed photochemically
in cryptochromes as an example, which shows that the
3change of the absolute values of the density matrix ele-
ments is very small.
The spin-dependent reactions in a chemical compass,
i.e. the singlet and triplet radical pairs will undergo
different chemical reaction paths and thereby lead to
different chemical consequences [11], that witness the
magnetic field effect on the radical pair dynamics by
the magnetic anisotropy of reaction yield. For simplic-
ity, we consider the scenarios where the reaction rates
of the singlet and the triplet radicals are identical, i.e.
kS = kT ≡ k (see [47] for the generalization to more
general cases). Treating the system dynamics with the
conventional Haberkorn approach [42], the singlet yield
can be formulated as
Ys(H0, ρ0, θ, ϕ) =
∫
Tr
[
ρH0+Bˆ(θ,ϕ)(t)M
]
dt (10)
with the observable M = ke−kt(|S〉〈S| ⊗kj Idkj ), where
|S〉 =
√
1
2 (|αβ〉 − |βα〉). The singlet yield in Eq.(10) can
be viewed as a continuous generalization of the outcome
in a quantum interferometer as mλ(ρ0,Φλ), see Eq.(3).
In Fig.2(b), it can be seen that the magnetic anisotropy
of singlet yield mainly comes from the coherent phase
changes ϕBˆmn(t) induced by the Earth’s magnetic field, as
in the interference-based quantum metrology. The anal-
ogy between a quantum interferometer and a chemical
compass (a complete list of analogies is included in [47])
now allows us to clearly identify the role of coherence in
chemical magnetoreception in a quantitative manner.
Quantum coherence and compass sensitivity.— The
function of a chemical compass starting from the state
ρ0 can be characterized by the magnetic anisotropy of
the singlet yield defined as follows
Ds(H0, ρ0) = max
θ,ϕ
Ys(H0, ρ0, θ, ϕ)−min
θ,ϕ
Ys(H0, ρ0, θ, ϕ)
(11)
Henceforth we will call Ds(H0, ρ0) as the magnetic sen-
sitivity of a chemical compass. The coherent part of the
system state ρ0 is denoted as
GC(H0, ρ0) =
∑
m6=n
rmn|νm〉〈νn|. (12)
To quantify the role of coherence in chemical magnetore-
ception, following the inspiration from quantifying the
role of coherence in quantum interferometric metrology
(see Eq.(5)), we introduce the following measure of global
electron-nuclear quantum coherence for a chemical com-
pass with a given hyperfine interaction Hamiltonian H0
and a system state ρ0 as follows
C(H0, ρ0) = |Ys(H0,GC(H0, ρ0))|b=0 (13)
which represents the contribution of coherence to the sin-
glet yield in the absence of the Earth’s magnetic field.
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FIG. 3: (a) The magnetic field sensitivity Ds(H0, ρ0) as de-
fined in Eq.(11) (upper) and the average value 〈Ds〉 (lower) as
a function of coherence C(H0, ρ0) given by Eq.(13) for 7×104
random hyperfine configurations with in total 5-6 nuclei ini-
tially in the depolarized state. The violet dots represent
these configurations of reference-and-probe type molecules
(one radical is free from hyperfine coupling). (b) The mag-
netic field sensitivity Ds(Hf, ρ0) as a function of coherenceC(Hf, ρ0) for a radical pair (in which one radical contains
three 1H nuclei and two 14N nuclei as FADH·) starting from
2×104 initial states, each has the singlet born radical pair and
random nuclear spin polarizations. In both panels, the reac-
tion rates are kS = kT = 0.5µs
−1, and the Earth’s magnetic
field is b = 50µT .
To demonstrate the connection between global coher-
ence and the magnetic sensitivity in a chemical compass
for general molecules, we randomly sample a large num-
ber of hyperfine configurations [48] and plot in Fig.3(a)
the compass sensitivity Ds(H0, ρ0) as a function of coher-
ence C(H0, ρ0) and , where ρ0 = |S〉〈S|
⊗
kj
(Idkj /dkj ).
The result shows that typically the global coherence is a
resource for the function of a chemical compass, namely
the larger coherence the better magnetic sensitivity. We
find that global coherence makes more dominant con-
tribution to the compass sensitivity as compared with
local electronic coherence [47]. The perspective that co-
herence is a resource for chemical magnetoreception of-
fers a unique guide towards various design principles of
radical pair molecules. For example, one can see that
the reference-and-probe type of radical pairs (namely one
radical of which is free from hyperfine coupling) [15, 16]
which tends to result in the highest sensitivity usually
embody larger coherence. Considering the explicit exam-
ple of the radical pair inspired by the flavin adenine din-
ucleotide in cryptochromes, we plot in Fig.3(b) the mag-
netic sensitivity as a function of coherence when varying
the nuclear spin polarization. The same feature is ob-
served, namely the larger the global coherence is, the bet-
ter the magnetic sensitivity. We remark that the nuclear
spins are usually depolarized at ambient temperature.
We assume here a larger state space to facilitate the ex-
plicit demonstration of how coherence (that changes with
the nuclear polarization) can directly affect the function
of chemical magnetoreception. In experiments, this may
be achieved by chemically induced dynamic nuclear po-
larization or with the assistance of quantum control via,
e.g. nitrogen-vacancy centers in diamond [49–51]. In con-
4trast, the prominent connection is absent between the
compass sensitivity and local electronic coherence [47].
We also stress that the above measure of coherence in
Eq.(13) is determined by the hyperfine interaction Hamil-
tonian H0 (without an external magnetic field) and the
joint system state ρ0, yet it well predicts the property
(namely the magnetic sensitivity) of the dynamics of a
chemical compass when changing the magnetic field di-
rection.
A unified picture of decoherence effects.— Following
the present insight that quantum coherence of the global
electron-nuclear state is a resource for chemical magne-
toreception, it is possible to study the effects of differ-
ent decoherence models on the functioning of a chemical
compass [21, 23, 24] in a unified picture. More specif-
ically, we can study how decoherence will destroy the
global electron-nuclear quantum coherence in a chemical
compass, as characterized by Eq.(13), and thereby dete-
riorate its magnetic anisotropy of reaction yield. Since a
chemical compass shall work under ambient conditions,
the noise from the environment of the core system (i.e.
the radical pair and the surrounding nuclear spins) will
inevitably affect its function. The noise effects vary for
different decoherence models, which can be described by
the Lindblad type quantum master equation as [21]
d
dt
ρ = −i[H, ρ]− kS
2
[QS , ρ]+− kT
2
[QT , ρ]+ +L(ρ) (14)
with L(ρ) = ∑k ξk [LkρL†k − 12 (L†kLkρ− ρL†kLk)],
where H = H0 + Bˆ(θ, ϕ) is the total Hamiltonian in-
cluding the hyperfine interactions H0 and the external
magnetic field Bˆ(θ, ϕ), QS and QT are the projectors
into the singlet and triplet subspace of the radical pair
state individually, and [x, y]+ = xy+yx. The above mas-
ter equation is based on the Haberkorn approach [42] by
adding the dissipator L(ρ) which represent the environ-
mental noise. We remark that it is not trace preserving
as it is restricted in the subspace of the active radical
pair state, and the singlet yield can then be calculated
as Ys = kS
∫ 〈S|ρ(t)|S〉dt, which is equivalent to Eq.(10)
in the absence of decoherence (see Ref.[18]). We con-
sider three typical classes of environmental noise (that are
independent on the magnetic field by themselves [21]),
namely the local dephasing model LI = {σDz , σAz } with
σz = |α〉〈α|− |β〉〈β|, the spin relaxation LII = {σD± , σA±}
with σ+ = |α〉〈β| and σ− = |β〉〈α|, and the singlet-
triplet dephasing model [52] LIII = {σDAST } with σST =
2|S〉〈S| − I, where the superscript D and A represent
two radicals in a pair. These decoherence models are
most relevant and were included to fit the experiment
data [35] but behave very different from each other in
the sense that they destroy varying aspects of radical
pair coherence: they will respectively lead to the decay
of local electron spin coherence, of electron spin longi-
tudinal component, and of singlet-triplet coherence at a
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FIG. 4: The noise effect on the magnetic sensitivity of a radi-
cal pair (in which one radical contains three 1H nuclei and two
14N nuclei as FADH·) for the local dephasing (red, square),
the electron spin relaxation (blue, circle), and the singlet-
triplet dephasing (violet, diamond). (a) The magnetic sensi-
tivity Ds(H0, ρ0) as a function of the decoherence rate ξ (in
the unit of µs−1). (b) The magnetic sensitivity Ds(H0, ρ0) as
a function of the coherence C(H0, ρ0). In both panels, the re-
action rates are kS = kT = 0.5µs
−1, and the Earth’s magnetic
field is b = 50µT .
rate given by ξ.
In Fig.4(a), one can see that the effects of these noise
models on the magnetic sensitivity of the radical pair are
quantitatively very different as a function of the same
decoherence rate ξ. Such a fact is natural but gives no
general insight into the problem how and why different
types of noise would affect chemical magnetoreception to
different extent. Instead, we calculate the global coher-
ence C (see Eq.13) under the influence of environmental
noise and find a universal relation between the decoher-
ence effects on the magnetic sensitivity and the coher-
ence, which holds for different noise models studied here,
see Fig.4(b). We have checked that such a universal rela-
tion also holds for mutations of the radical pair through
(partially) deuteration, which will be interesting to study
in spin chemistry experiment. This supports the observa-
tion that the global coherence is an appropriate concept
to quantify the role of coherence in chemical magnetore-
ception. This is demonstrated by a study of different
noise sources whose effect on the magnetic sensitivity can
be predicted from their effect on the global coherence.
Discussion and outlook.— We have introduced the
viewpoint of chemical magnetoreception as a quantum in-
terferometer. This perspective allows us to reveal the di-
rect connection between the global electron-nuclear spin
coherence and the magnetic sensitivity of chemical mag-
netoreception for general molecules, it thus evidences co-
herence as a resource in the chemical compass model of
avian magnetoreception in a similar way as a coherence-
based quantum device. The verification of the present
observation is conceivable either in spin chemistry ex-
periments or by quantum simulation with well control-
lable systems, for example nitrogen-vacancy defects in
diamond [50, 53], to emulate the radical pair dynamics.
We remark that coherent manipulations and readout of
electron or nuclear spins in diamond have been well de-
5veloped in experiments. The concept of global coher-
ence offers a unified perspective to predict the magnetic
sensitivity of a chemical compass. Therefore, it is pos-
sible to use it to advance our understanding of the de-
sign principles of a chemical compass, namely to exhibit
a better sensitivity the molecule shall embody a larger
global coherence. This will facilitate the construction of
an artificial chemical compass which is sensitive to the
weak geomagnetic field at ambient temperature [16], the
demonstration of which would serve as an important in-
termediate step to understand how nature might be able
to design such a chemical compass. We expect that the
present ideas may help to further transfer the concepts
and methods developed in quantum information to the
field of spin chemistry, and gain new insights into the
other coherent phenomena in spin chemistry, such as low
field effect, coherence transfer in spin correlated radical
pairs [54] and other variants of radical pair model of mag-
netoreception [55, 56].
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